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CHAPTER 1. TEMPERATURE

1.1 Introduction

Temperature is one of the most important environmental influences on salmonid biology.
Most aquatic organisms, including salmon and steelhead, are poikilotherms, meaning
their temperature and metabolism is determined by the ambient temperature of water.
Temperature therefore influences growth and feeding rates, metabolism, development of
embryos and alevins, timing of life history events such as upstream migration, spawning,
freshwater rearing, and seaward migration, and the availability of food. Temperature
changes can also cause stress and lethality (Ligon et al. 1999). Temperatures at sub-
lethal levels can effectively block migration, lead to reduced growth, stress fish, affect
reproduction, inhibit smoltification, create disease problems, and alter competitive
dominance (Elliott 1981, USEPA 1999a). Further, the stressful impacts of water
temperatures on salmonids are cumulative and positively correlated to the duration and
severity of exposure. The longer the salmonid is exposed to thermal stress, the less
chance it has for long-term survival (Ligon et al. 1999).

A literature review was performed to evaluate temperature needs for the various life
stages of steelhead trout (Oncorhynchus mykiss), coho salmon (Oncorhynchus kisutch),
and Chinook salmon (Oncorhynchus tschawytscha). The purpose of this review was to
identify temperature thresholds that are protective of salmonids by life stage, as a basis
for evaluating stream temperatures in California temperature TMDLSs within the North
Coast region.

This review included USEPA temperature guidance, Oregons’ and Washingtons’
temperature standards reviews, reports that compiled and summarized existing scientific
information, and laboratory and field studies. When possible, species-specific needs
were summarized by the following life stages: migrating adults, spawning and
incubation/emergence, and freshwater rearing and growth. Additionally, the effects of
temperature on disease and lethality are also discussed. Some of the references reviewed
covered salmonids as a general class of fish, while others were species specific.
Information for fall run coho salmon, spring/summer, fall, and winter steelhead, and
spring and fall run Chinook salmon are compiled by life stage in Table 1 through Table
12.

1.2 Temperature Metrics

In considering the effect of temperature on salmonids, it is useful to have a measure of
chronic and acute (i.e. sub-lethal and lethal) temperature exposures. A common measure
of chronic exposure is the maximum weekly average temperature (MWAT). The MWAT
is the maximum seasonal or yearly value of the mathematical mean of multiple, equally
spaced, daily temperatures over a running seven-day consecutive period (Brungs and
Jones 1977, p.10). In other words, it is the highest single value of the seven-day moving
average temperature. A common measure of acute effects is the instantaneous maximum.
A third metric, the maximum weekly maximum temperature (MWMT), can be used as a
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measure of both chronic and acute effects. The MWMT is also known as the seven-day
average of the daily maximum temperatures (7-DADM), and is the maximum seasonal or
yearly-value of the daily maximum temperatures over a running seven-day consecutive
period. The MWMT is useful because it describes the maximum temperatures in a
stream, but is not overly influenced by the maximum temperature of a single day.

Much of the information reported in the literature characterizes temperature needs with
terms such as “preferred” or “optimum”. Preferred stream temperatures are those that
fish most frequently inhabit when allowed to freely select temperatures in a thermal
gradient (USEPA 1999a). An optimum range provides suitable temperatures for feeding
activity, normal physiological response, and normal behavior (without symptoms of
thermal stress) (USEPA 1999a). Optimal temperatures have also been described as those
temperatures at which growth rates, expressed as weight gain per unit of time, are
maximal for the life stage (Armour 1991).

Salmonid stocks do not tend to vary much in their life history thermal needs, regardless
of their geographic location. Inthe 2001 USEPA document, Summary of Technical
Literature Examining the Physiological Effects of Temperature on Salmonids, the case is
made that there is not enough significant genetic variation among stocks or among
species of salmonids to warrant geographically specific water temperature standards.

Climate conditions vary substantially among regions of the State and
the entire Pacific Northwest. ...Such [varying climatic] conditions
could potentially have led to evolutionary adaptations, resulting in
development of subspecies differences in thermal tolerance.
...[However,] the literature on genetic variation in thermal effects
indicates occasionally significant but very small differences among
stocks and increasing differences among subspecies, species, and
families of fishes. Many differences that had been attributed in the
literature to stock differences are now considered to be statistical
problems in analysis, fish behavioral responses under test conditions,
or allowing insufficient time for fish to shift from field conditions to
test conditions (Mathur & Silver 1980, Konecki et al. 1993, both as
cited in USEPA 2001).

Additionally:

There are many possible explanations why salmonids have not made a
significant adaptation to high temperature in streams of the Pacific
Northwest. Temperature tolerance is probably controlled by multiple
genes, and consequently would be a core characteristic of the species
not easily modified through evolutionary change without a radical shift
in associated physiological systems. Also, the majority of the life
cycle of salmon and steelhead is spent in the ocean rearing phase,
where the smolt, subadults, and adults seek waters with temperatures
less than 59°F (15°C) (Welch et al, 1995, as cited in USEPA 2001).
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As a result, literature on the temperature needs of coho and Chinook salmon and
steelhead trout stemming from data collected in streams outside Northern California are
cited in this document and are considered relevant to characterizing the thermal needs of
salmonids, which use Northern California rivers and streams.

1.3 Adult Migration and Holding

All of the adult migration and holding temperature needs referenced in this section can be
found in Table 1 through Table 3. Salmon and trout respond to temperatures during their
upstream migration (Bjornn and Reiser 1991). Delays in migration have been observed
in response to temperatures that were either too cold or too warm. Most salmonids have
evolved with the temperature regime they historically used for migration and spawning,
and deviations from the normal pattern can affect survival (Spence et al. 1996).

In a 2003 USEPA document entitled EPA Region 10 Guidance for Pacific Northwest
Sate and Tribal Water Quality Standards, it is recommended that the 7-DADM should
not exceed 18°C in waters where both adult salmonid migration and “non-core” juvenile
rearing occur during the period of summer maximum temperatures. The document does
not define what constitutes the “summer” period. Non-core juvenile rearing is defined as
moderate to low density salmon and trout rearing usually occurring in the mid or lower
part of the basin, as opposed to areas of high density rearing which are termed “core”
rearing areas. This criterion is derived from analysis and synthesis of past laboratory and
field research. The USEPA believes that this temperature recommendation will protect
against lethal conditions, prevent migration blockage, provide optimal or near optimal
juvenile growth conditions, and prevent high disease risk by minimizing the exposure
time to temperatures which can lead to elevated disease rates.

A 7-DADM temperature of 20°C is recommended by the USEPA (2003) for waterbodies
that are used almost exclusively for migration during the period of summer maximum
temperatures.

EPA believes that a 20°C criterion would protect migrating juveniles
and adults from lethal temperatures and would prevent migration
blockage conditions. However, EPA is concerned that rivers with
significant hydrologic alterations (e.g., rivers with dams and
reservoirs, water withdrawals, and /or significant river channelization)
may experience a loss of temperature diversity in the river, such that
maximum temperatures occur for an extended period of time and there
is little cold water refugia available for fish to escape maximum
temperatures. In this case, even if the river meets a 20°C criterion for
maximum temperatures, the duration of exposure to 20°C
temperatures may cause adverse effects in the form of increased
disease and decreased swimming performance in adults, and increased
disease, impaired smoltification, reduced growth, and increased
predation for late emigrating juveniles...(USEPA 2003).
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Therefore, the USEPA recommends a narrative provision to protect and, if possible,
restore the natural thermal regime accompany the 7-DADM 20°C criterion for rivers

with significant hydrologic alterations.

In an exhaustive study of both laboratory and field studies of temperature effects on
salmonids and related species, USEPA (1999a, 2001) concluded that temperatures of
approximately 22-24°C limit salmonid distribution, i.e., they totally eliminate salmonids
from a location. USEPA (1999a) also notes that changes in competitive interactions
between fish species can lead to a transition in dominance from salmonids to other

species at temperatures 2-4°C lower than the range of total elimination.

1.3.1 Steelhead Trout Migration

In a 2002 review of numerous studies, Washington State Department of Ecology
(WDOE) concluded that daily average temperatures of 21-24°C are associated with
avoidance behavior and migration blockage in steelhead trout. WDOE suggests that the
MWMT should not exceed 17-18°C, and daily maximum temperatures should not

exceed 21-22°C to be fully protective of adult steelhead migration.

Table 1: Effects of Temperature in Considering Adult Steelhead and Migration

C MIGRATION
24
23 | 21-24 Average daily temperature 22-24 Temperature range which eliminates salmonids from an area (3,4)
29 associated with avoidance and
migration blockage (2) 21-22 Daily maximum temperature should not exceed

21 this to be fully protective (2) 18-22 Temperature

20 MWMT should not exceed this in waterbodies used almost exclusively for migration. range at which
20 Should be used in conjunction with a narrative provision about protecting/restoring the transition in

natural thermal regime for rivers with significant hydrologic alterations (1) dominance from
19 salmonids to other
18 | 17-18 MWMT should not exceed | 18 MWMT should not exceed this where migration species occurs (4)
. . and non-core rearing occur (1)

7 this to be fully protective (2)

Sources: (1) USEPA 2003, (2) WDOE 2002, (3) USEPA 2001, (4) USEPA 1999a

1.3.2 Chinook Salmon Migration and Holding

USEPA (2001) cited various literature sources that identified thermal blockages to
Chinook salmon migration at temperatures ranging from 19-23.9°C, with the majority of

references citing migration barriers at temperatures around 21°C.

A radio tracking study on spring Chinook revealed that when maximum temperatures of
21.1°C were reached, a thermal barrier to migration was established (Bumgarner et al.
1997, as cited by USEPA 1999a). Bell (1986) reviewed various studies and notes spring
Chinook migrate at water temperatures ranging from 3.3-13.3°C, while fall Chinook
migrate at temperatures of 10.6-19.6°C. Preferred temperatures for Chinook range from
7.2-14.5°C (Bell 1986). Based on a technical literature review, WDOE (2002)
concluded that daily maximum temperatures should not exceed 21-22°C during Chinook

migration.
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Table 2: Effects of Temperature in Considering Adult Chinook and Migration and Holding

°C MIGRATION
24

23 Klamath Basin fall Chinook begin
93 migration upstream at temperatures as

high as 23C if temperatures are rapidly
falling (6)

22 Klamath Basin fall Chinook will not
migrate upstream when mean daily

22-24 Temperature range which
eliminates salmonids from an
area (3,5)

22 temperatures are 22C or greater (6)
21 Most references cite as 19-23.9 Range of
21-22 Daily maximum temperature thermal block to migration (3) temperatures 18-22
21 should not exceed this range to be 21 Klamath Basin fall Chinook causing thermal | Temperature
protective of migration (2) will not migrate upstream if blockage to range at which
temperatures are 21C or above migration (3) transition in
and rising (6) dominance
from
20 MWMT should not exceed this in waterbodies used almost exclusively salmonlds_to
20 for migration. Should be used in conjunction with a narrative provision other species
about protecting/restoring the natural thermal regime for rivers with oceurs (5)
significant hydrologic alterations (1)
19
18 18 MWMT should not exceed this
where migration and non-core
rearing occur (1)
17 16-17 MWMT should be below this
16 where Chinook are holding (2) 10.6-19.6 Temperature range
15 where adult fall Chinook migrate
14 4) 13-14 Average daily temperature
should be below this where spring
13 Chinook are holding (2)
12 7.2-14.5 Preferred temperatures for
11 Chinook (4)
10 3.3-13.3 Temperature range where
9 adult spring Chinook migrate (4)
8
7
6
5
4
3

Sources: (1) USEPA 2003, (2) WDOE 2002, (3) USEPA 2001, (4) Bell 1986, (5) USEPA 1999a, (6) Strange 2006

Utilizing radio telemetry to track the movements and monitor the internal body
temperatures of adult fall Chinook salmon during their upriver spawning migration in the
Klamath basin, Strange (2006) found that fall Chinook will not migrate upstream when
mean daily temperatures are >22°C. Strange also noted that adult fall Chinook in the
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Klamath basin will not migrate upstream if temperatures are 21°C or above and rising,
but will migrate at temperatures as high as 23°C if temperatures are rapidly falling.

Spring Chinook begin entering freshwater streams during a relatively cool-water season
but must hold throughout the warm summer period, awaiting cooler spawning
temperatures (ODEQ 1995a). The cumulative effects of management practices such as
elevated water temperatures, reduced cover from large woody debris, and reduced resting
pool area due to pool filling increase the susceptibility of holding adult fish to mortality
from thermal effects (The Oregon Department of Environmental Quality [ODEQ)]
1995a). WDOE states that where spring Chinook are holding over for the summer prior
to spawning the average daily water temperature should be below 13-14°C and the
MWMT should be below 16-17°C (WDOE 2002).

1.3.3 Coho Salmon Migration

Migration for coho is delayed when water temperatures reach 21.1°C, and the preferred
water temperatures for coho range from 11.7-14.5°C (Bell 1986). In California coho
salmon typically migrate upstream when water temperatures range from 4-14°C (Briggs,
1953 and Shapovalov and Taft, 1954, as cited by Hassler, 1987). WDOE reviewed
various studies and concluded that to be protective of adult coho migration, MWMTs
should not exceed 16.5°C (WDOE 2002).

Table 3: Effects of Temperature in Considering Adult Coho and Migration

°C MIGRATION
3;’ 22-24 Temperature range which eliminates salmonids from an

area (3,6
2 (3,6)

21 | 21.1 Migration is delayed when temperatures reach this value (4)

18-22 Temperature range at which

20 MWMT should not exceed this in waterbodies used almost
exclusively for migration. Should be used in conjunction with a

transition in dominance from

20 : . ) : salmonids to other species occurs
narrative provision about protecting/restoring the natural thermal (6)
regime for rivers with significant hydrologic alterations (1)
19
18 18 MWMT should not exceed this where migration and non-core
rearing occur (1)
17
16 16.5 MWMT should not exceed this value to be fully protective (2)
15
14
13 11.7-14.5 Preferred temperature
12 range (4) 4-14 Temperature range at which migration typically occurs (5)
11
11.4 Preferred temperature (7)

Sources: (1) USEPA 2003, (2) WDOE 2002, (3) USEPA 2001, (4) Bell 1986, (5) Briggs 1953, Shapovalov and
Taft 1954, as cited by Hassler 1987, (6) USEPA 1999a, (7) Reutter and Herdendorf 1974
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1.4 Spawning, Incubation, and Emergence

All of the spawning, incubation, and emergence temperature needs referenced in this
section can be found in Table 4 through Table 7. Many sources have stated that
temperature affects the time of migration i adults and thus the time of spawning, which
influences the incubation temperature regime, which in turn influences survival rates,
development rates, and growth of embryos and alevins (Murray and McPhail 1988).
USEPA Region 10 recommends that the 7-DADM temperatures should not exceed 13°C
for salmonid spawning, egg incubation, and fry emergence (USEPA 2003). Optimum
temperatures for salmonid egg survival ranges from 6-10°C (USEPA 2001).

1.4.1 Steelhead Spawning, Incubation, and Emergence

In a discussion paper and literature summary evaluating temperature criteria for fish
species including salmonids and trout, WDOE (2002) cites studies showing that steelhead
were observed spawning in temperatures ranging from 3.9-21.1°C, and that the preferred
temperatures for steelhead spawning range from 4.4-12.8°C. In a review of various
studies, Bell (1986) concludes that steelhead spawning occurs at water temperatures
ranging from 3.9-9.4°C.

Steelhead and rainbow trout eggs had the highest survival rates between 5-10°C
according to Myrick and Cech (2001), and while they can tolerate temperatures as low as
2°C or as high as 15°C, mortality is increased at these temperatures. WDOE (2002)
reviewed literature on the survival of steelhead and rainbow trout embryos and alevins at
various temperatures and concluded that the average water temperature should not exceed
7-10°C throughout development, and the maximum daily average temperature should be
below 11-12°C at the time of hatching (WDOE 2002).

Table 4: Effects of Temperature in Considering Steelhead Incubation and Emergence

°C INCUBATION AND EMERGENCE

15 15 Steelhead and rainbow trout eggs can survive at temperatures as high as this but mortality is high
compared to lower temperatures (3)

14

13 13 MWMT should not exceed this value to be protective of spawning, egg incubation, and fry

emergence (1)
ﬁ 11-12 Maximum daily average temperature should be below this range at the time of hatching (2)
10 .
. 7-10 Average daily temperature should
g 5-10 Steelhead and rainbow ?Olr%gﬁqtémgn; te?fjrr\?it:;f not exceed this range throughout
trout eggs had the highest 99 embryo development (2)

7 . PR to hatching (4)

5 survival within this range (3)

5

4

3

2 2 Steelhead and rainbow trout eggs can survive at temperatures as low as this but mortality is high
compared to higher temperatures (3)

Sources: (1) USEPA 2003, (2) WDOE 2002, (3) Myrick and Cech 2001, (4) USEPA 2001
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Table 5: Effects of Temperature in Considering Steelhead, Chinook, and Coho Spawning

°C Steelhead Chinook Coho All Salmonids
21
20
19
18
17
16
15
14.5 Majority
of refs. cite
13-15.5 Temp. daily max
14 range at which temps.
pre-spawning associated
mortality with spawning
3.9-21.2 becomes . below this 5.6-17.7
Steelhead pronounced in level (2) Range of
observed rpe spring temps. 13 Daily 13 MWMT not exceed
spawning in Chinook (4) associated | maximum temp. this value during
131 this temp. with not to exceed spawning, egg
range (2) spawning this value to be incubation, and fry
from protective (6) emergence (1)
12 references
11 R 5'6'13'9d d reviewed (2) 4.4-13.3
56-12.8 fecag]erp;[zrg 10 MWAT not Typical temps.
10 44128 IR;ecorfl— ranae f exceed this during which
. . ge for -
. value to be spawning
Preferred mended spawning (5) protective (6) occurs (2)
9 temp. range temperature
8 for spawning range for 45-94
7 3.9-9.4 Temp. (2) spawning (4) Preferred
5 range where spawning
spawning temperature
i occurs (3) range (3)
3

Sources: (1) USEPA 2003, (2) WDOE 2002, (3) Bell 1986, (4) ODEQ 19953, (5) Reiser and Bjornn 1979 as cited by Armour et al. 1991, (6) Brungs and Jones 1977
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1.4.2 Chinook Spawning, I ncubation, and Emergence

ODEQ (1995a) reviewed numerous studies and recommended a temperature range of 5.6-
12.8°C for spawning Chinook. A discussion paper and literature summary by WDOE in
2002 found that the literature reviewed noted a wide range of temperatures associated
with Chinook spawning (5.6-17.7°C), although the majority of these temperature
observations cite daily maximum temperatures below 14.5°C. A spawning temperature
range of 5.6-13.9°C is recommended for spring, summer, and fall Chinook salmon
populations in the Pacific Northwest (Reiser and Bjornn 1979, as cited by Armour et al.
1991). When ripe adult spring Chinook females experience temperatures above 13-
15.5°C, pre-spawning adult mortality becomes pronounced (ODEQ 1995a).
Additionally, there is decreased survival of eggs to the eyed stage and alevin
development is inhibited due to the exposure of the ripe female to warm temperatures,
even if the stream temperatures during the egg and alevin development are appropriate
(ODEQ 1995a).

Table 6: Effects of Temperature in Considering Chinook Incubation and Emergence

°C INCUBATION AND EMERGENCE
20
19 17.5-20 The highest single day maximum temperature should not exceed this range to protect eggs and embryos
18 from acute lethal conditions (2)
17
16
15
14 13.5-14.5 Daily maximum 14 Moderate embryo survival (6)
temperatures .ShOUId not 13 MWMT should not exceed this
13 exceed this from value to be protective of spawnin
fertilization through initial | incubaﬂoﬁz a1 emepr ence%l)
fry development (5) 99 ’ y g
12 11-12.8 Average
daily temperatures 1.7-16.7
should be below ES%?\S”‘\?Z”
11 5.14.4 Recom- 11 High embryo survival (6) thls_ range at these
beginning of 2-14 Range
mended temp. ; : temps.
range for incubation (2) of temps. but
10 | . i 9-10 Optimal temp. should for normal ut
incubation (4) be below this range (5) 4-12 Lowest embryo mortallty
9 levels of egg . is greatly
8-9 Seasonal ave. temps. mortality at 6-10 Optimum develop- increased
should not exceed this range y temperature for ment (6) '
A these temps. (3) - at the
from fertilization through salmonid eggs
8 o - extremes
initial fry development (2) survival to 3)
8 High embryo survival (6) hatching (5)
7
6
5 5 High embryo survival (6)
4
3
2 2 Poor embryo survival (6)
1

Sources: (1) USEPA 2003, (2) WDOE 2002, (3) Myrick and Cech 2001, (4) Reiser and Bjornn 1979, as cited by Armour
etal. 1991, (5) USEPA 2001, (6) Murray and McPhail 1988
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WDOE (2002) reviewed numerous references on the effects of various temperatures on
Chinook incubation and development and used these studies to derive the temperatures
that are protective of Chinook salmon from fertilization through fry development. These
reviewed references include laboratory studies assessing Chinook embryo survival at
various constant temperatures, studies attempting to mimic naturally fluctuating
temperatures experienced by incubating eggs, studies which have made stepwise
reductions in the incubation temperatures as incubation progressed to evaluate survival of
eggs, and studies on the effects of transferring eggs to optimal constant incubation
temperatures after they had been exposed to higher temperatures for various periods. As
a result of this review, WDOE (2002) recommends that average daily temperatures
remain below 11-12.8°C at the initiation of incubation, and that the seasonal average
should not exceed 8-9°C in order to provide full protection from fertilization through
initial fry development. The highest single day maximum temperature should not exceed
17.5-20°C to protect eggs and embryos from acute lethal conditions (WDOE 2002).

USEPA (2001) reviewed multiple literature sources and concluded that optimal
protection from fertilization through initial fry development requires that temperatures be
maintained below 9-10°C, and that daily maximum temperatures should not exceed 13.5-
14.5°C. Reiser and Bjornn (1979, as cited by Armour et al. 1991) recommended
temperatures of 5.0-14.4°C for spring, summer and fall Chinook salmon incubation in
the Pacific Northwest. Myrick and Cech (2001) reviewed studies on the Sacramento-San
Joaquin River and concluded that the lowest levels of Chinook egg mortality occurred at
temperatures between 4-12°C, and while eggs can survive at temperatures from 1.7-
16.7°C, mortality is greatly increased at the temperature extremes.

Embryo survival was studied in a laboratory experiment conducted by Murray and
McPhail (1988). They incubated five species of Pacific salmon, including Chinook, at
five incubation temperatures (2, 5, 8, 11, 14°C). Chinook embryo survival was high at 5,
8, and 11°C, but survival was moderate at 14°C and poor at 2°C. As a result of their
study, Murray and McPhail concluded that the range of temperatures for normal embryo
development is > 2°C and <14°C (Murray and McPhail 1988).

1.4.3 Coho Spawning, Incubation, and Emergence

In 2002, WDOE found that several studies and literature reviews state that spawning
activity in coho may typically occur in the range of 4.4-13.3°C. According to a review by
Bell (1986), preferred spawning temperatures range from 4.5-9.4°C. Brungs and Jones
(1977) used existing data on the optimum and range of temperatures for coho spawning
and embryo survival to create criteria using protocols from the National Academy of
Sciences and National Academy of Engineering. The resultant criteria were that the
MWAT should not exceed 10°C and the daily maximum temperature should not exceed
13°C to be protective of coho (Brungs and Jones 1977, p.16).

In a discussion paper and literature summary WDOE (2002) reviewed studies that
assessed the survival of embryos and alevin at various temperatures. Based on the
findings of these studies WDOE (2002) has determined that the average daily
temperature during the incubation period should be at or below 8-10°C to fully support
this coho salmon life stage. According to a review of various literature sources by Bell
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(1986), the preferred emergence temperatures for coho range from 4.5-13.3°C. USEPA
(2001) concluded that to fully support pre-emergent stages of coho development

MWMTs should not exceed 9-12°C.

Table 7: Effects of Temperature in Considering Coho Incubation and Emergence

°C INCUBATION AND EMERGENCE
14 14 Upper limit for normal embryo development (5)
13 MWMT should not exceed this value to be 13 Daily maximum temperature
13 protective of spawning, egg incubation, and fry should not exceed this value to be
emergence (1) protective (6)
12
11 | 9-12 MWMT should
8-10 Ave. daily . 10 MWAT should not 4.5-13.3
- not exceed this range to . -
10 6-10 Optimum temp. during be fully protective (4) exceed this to be protective | Preferred
P incubation yp (6) emergence
temperature for
9 salmonid eqas should be at or temperature
10 €99 below this to be range (3)
8 survival to supportive (2)
—| hatching (4) PP
6
5
4

Sources: (1) USEPA 2003, (2) WDOE 2002, (3) Bell 1986, (4) USEPA 2001, (5) Murray and McPhail 1988, (6)

Brungs and Jones 1977

Murray and McPhail (1988) incubated five species of Pacific salmon, including coho, at
five temperatures (2, 5, 8, 11, 14°C) to determine embryo survival at various
temperatures. Coho embryos suffered increased mortality above 11°C although survival
was still high. They concluded that the upper limit for normal coho embryo development

is 14°C (Murray and McPhail 1988).

1.5 Freshwater Rearing and Growth

All of the freshwater rearing and growth temperature needs referenced in this section can
be found in Table 8 through Table 10. Temperature affects metabolism, behavior, and
survival of both juvenile fish as well as other aquatic organisms that may be food sources.
In streams of the Northern California Coast, including the Klamath River, young
Chinook, coho and steelhead may rear in freshwater from one to four years before
migrating to the ocean.

In an exhaustive study of both laboratory and field studies of temperature effects on
salmonids and related species, USEPA (1999a) concluded that temperatures of
approximately 22-24°C limit salmonid distribution, i.e., they totally eliminate salmonids

from a location. USEPA (1999a) also notes that changes in competitive interactions

between fish species can lead to a transition in dominance from salmonids to other
species at temperatures 2-4°C lower than the range of total elimination.

To protect salmon and trout during summer juvenile rearing the USEPA (2003) for
Region 10 provided a single guidance metric designating 16°C as the 7-DADM
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temperature that should not be exceeded in areas designated as “core” rearing locations.
Core rearing areas are defined as areas with moderate to high densities of summertime
salmonid juvenile rearing generally found in the mid- to upper portions of river basins.
This criterion will protect juvenile salmonids from lethal temperatures, provide optimal to
upper optimal conditions for juvenile growth depending on the time of year, avoid
temperatures where salmonids are at a competitive disadvantage with other fish species,
protect against increased disease rates caused by elevated temperatures, and provide
temperatures which salmonids prefer according to scientific studies.

1.5.1 Steelhead Freshwater Rearing and Growth

Nielsen et al. (1994) studied thermally stratified pools and their use by juvenile steelhead
in three California North Coast rivers including the Middle Fork Eel River, Redwood
Creek at Redwood National Park, and Rancheria Creek, located in the Navarro River
watershed. In detailed observations of juvenile steelhead behavior in and near thermally
stratified pools in Rancheria Creek, Nielsen et al. (1994) noted behavioral changes
including decreased foraging and increased aggressive behavior as pool temperature
reached approximately 22°C. As pool temperature increased above 22°C, juveniles left
the observation pools and moved into stratified pools where temperatures were lower.

Wurtsbaugh and Davis (1977, as cited by USEPA 2001) found that steelhead trout
growth could be enhanced by temperature increases up to 16.5°C. Using a risk
assessment approach which took into account “realistic food estimates”, Sullivan et al.
(2000) report temperatures of 13-17.0°C (MWAT), 14.5-21°C (MWMT), and 15.5-21°C
(annual maximum) will ensure no more than a 10% reduction from maximum growth for
steelhead. Reduction from maximum growth will be <20% for temperatures ranging
from 10-19.0°C (MWAT), 10-24°C (MWMT), and 10.5-26°C (annual maximum).

A literature review was conducted by WDOE (2002) in which studies to determine the
water temperature that would allow for maximum growth of steelhead trout were
analyzed. These included laboratory studies conducted at constant and fluctuating
temperatures. One of the studies was conducted using feeding rates comparable to those
observed in natural creeks, although most of the laboratory studies were conducted under
satiated feeding conditions. As a result of this review of laboratory studies conducted at
constant temperatures, WDOE (2002) concludes that under satiated rations growth may
be maximized at temperatures as high as 17.2-19°C. Results from laboratory studies
using variable temperatures show maximum growth occurs at average daily temperatures
between 15.5-18°C, and that under feeding rates similar to natural conditions at various
times of the year maximum growth rates occurred at mean temperatures of 13.3°C (spring
season), 15.2°C (fall season) and 16.2°C (summer season).
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Table 8: Effects of Temperature in Considering Juvenile Steelhead Rearing and Growth

°C REARING AND GROWTH
gg 21-26
22-24 Temperature range which 21-24 m,z)r(lin r:lilm
24 | totally eliminates salmonids from MWMT temp. which
= S . . p. whic
area, limiting their distribution (6) which will will ensure
23 >22 Juveniles left observation pools and moved | ensure no o more
to pools with lower temperatures (2) more than than 20%
22 Decreased foraging, 18-22 20% reduction
22 increased aggressive behavior Temperature reduction from max.
(2) range at from max
which | growth(4) | IOV
21 trans!tion in
dominance
from
20 salmonids to
19 17-19 17.2-19 Growth | other species
18 MWAT will may be occurs (6) 15521
ensure no maximized at Annual
more than temperatures as maximum
20% high as this 14.5-21 temperature
duction under satiated ) perat
re - 15.5-18 MWMT which will
from max. feeding . .
17 h (4) conditions. lab Average which will ensure no
growth ( studies ét daily ensure no more than
constant tempera_tures more than 10%
temperature (5) at V\.’h'Ch le‘Z(_) re(#Jc():I':on
maximum reauction
1(_5.5 Growth er:hz;\rr:_cetd by ter;p. 16 MWMT growth from maximum
16.2 oo temp. at which e | Mwar | S1ouldnot | occursunder | maximum | growth (¢
16 Qrovvth occurréd during the . range which exceed this vqlue satiated growth (4)
summer, lab studies using natural wiﬁ ensure to be protective feedipg, lab
feedingi conditions and varying no more of core reafing StUd'e.S at
locations (1) varying
temps. (5) than 10% temps (5)
15.2 Mean temp. at which max. reduction
15 growth occurred during the fall, from
lab studies using natural feeding maximum
conditions and varying temps. (5) | growth (4) 10.5-15.5
14 An_nual
maximum
13.3 Mean temp. at which max. 10-14.5 temperature
growth occurred during the MWMT which will
13 spring, lab studies using natural 10-13 which will ensure no
feeding conditions and varying MWAT will ensure no more than
temps. (5) ensure no more than 20%
12 more than 20% reduction
11 20% reduction from
reduction from maximum
from maximum growth (4)
10 maximum growth (4)
growth (4)

Sources: (1) USEPA 2003, (2) Nielsen et al. 1994, (3) Wurtsbhaugh and Davis 1977, as cited by USEPA 2001, (4) Sullivan
et al. 2000, (5) WDOE 2002, (6) USEPA 1999a
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1.5.2 Chinook Freshwater Rearing and Growth

In a laboratory study, Brett (1952) demonstrated that juvenile Chinook salmon,
acclimated to a temperature of 20°C, selectively aggregated in areas where the
temperature was in the region of 12-13°C.

ODEQ (1995a), reviewed numerous studies and concluded for juvenile spring Chinook
salmon rearing, positive growth takes place at temperatures between 4.5-19°C, and that
optimum rearing production is between 10.0-15.6°C. However, as the extremes of this
temperature range are reached growth reaches zero. Above and below these thresholds
growth becomes negative as feeding ceases and respiration rates increase and/or decrease
rapidly.

After synthesizing data from several sources USEPA (2001), came up with the same
recommended optimum temperature zone for all Chinook salmon as ODEQ (1995a) of
10.0-15.6°C. While there is research suggesting that some Chinook stocks exhibit
adequate rearing capabilities above 15.6°C, USEPA (2001) conclude that anything over
this threshold significantly increases the risk of mortality from warm-water diseases.

In a laboratory study Marine and Cech (2004) studied the incremental effects of chronic
exposure to three temperature regimes (13-16 °C, 17-20 °C, and 21-24 °C) on Chinook
juveniles during rearing and smoltification. Their findings reflected that Chinook
juveniles reared at the 17-20 9C and 21-24 °C temperature ranges experienced
significantly decreased growth rates, impaired smoltification indices, and increased
predation vulnerability compared with juveniles reared at 13-16 °C.

In a field study Chinook grew faster in a stream where temperatures peaked at 16°C
compared to a stream where temperatures peaked at 20°C (ODFW 1992, as cited by
WDOE 2002). WDOE (2002) reviewed literature on Chinook growth including
laboratory studies conducted at a constant temperature, laboratory studies conducted at
fluctuating temperatures, and field studies to evaluate the water temperature that would
be protective of Chinook and allow for maximum growth. Most of the laboratory studies
were conducted under satiated feeding conditions, although one of the studies was
conducted using feeding rates more comparable to those observed in natural creeks. As a
result of this review of laboratory studies conducted at constant temperatures, WDOE
(2002) concludes that maximum growth is expected to occur with exposure to constant
temperatures from 15.6-19°C. However, increased growth at temperatures above 15.6°C
was inconsistently greater, and under natural rations the temperatures at which maximum
growth occurs may decline by as much as 4.2°C. Recommendations based on the review
of two laboratory studies conducted at fluctuating temperatures are that “...average
temperatures below 19°C are necessary to support maximum growth rates in Chinook
salmon, and that the average temperature that produces maximum growth rates likely lies
between 15-18°C (median 16.5°C)”.
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Table 9: Effects of Temperature in Considering Juvenile Chinook Rearing and Growth

°C REARING AND GROWTH
24 .
22-24 Temperature range which totally . .
23 eliminates salmonids from area, limiting their 21'24. I?ecr_ease_d growth, |mpa|_red
29 distribution (7) smoltlflcatlpn, mpreased predation
compared to juveniles reared at 13-16
(6)
21
18-22 Temperature
20 :
19 Temperatures range at which
above thpis do not transition in 17-20 Decreased
. dominance from growth, impaired
support maximum - o
19 - salmonids to other smoltification
growth, lab studies at species oceurs (7) . d ored t:
varying temperatures P increased preaation
3) . compared to juveniles
15.6-19 Maximum reared at 13-16 (6)
18 growth expected
according to lab
17 studies conducted at
constant temperature 16 Chinook grew
15-18 Average and satiated rations. faster in a stream
temperature where Under natural feeding | where temperatures
maximum growth conditions maximum peaked at 16 than
16 occurs, lab studies growth may occur at | when they peaked at
conducted at varying | temperatures as much 19C (3) 13_1h6 Increased J
temperatures (3) as 4.2C lower (3) 16 MWMT should not s%:())\l,\t,itfi'c gtni:)r::p?(;\rfser 4.5-19
exceed this value to be dati ’ q Temperature
protective of core predation compared to range at
ge a
rearing locations (2) juveniles reared at 21- which
24, or 17-20 (6) -
15 positive
growth takes
14 place (5)
10-15.6 Temperature
range for optimal 10-15.6 Optimal
13 growth. Anything over temperafure Par:rg:for 12-13 Juvenile Chinook
this threshold rearing (5) acclimated to 20
12 increases the risk of selectively aggregate to
mortality from warm these water
water disease (1) temperatures (4)
11
10
9
8
7
6
5
4

Sources: (1) USEPA 2001, (2) USEPA 2003, (3) WDOE 2002, (4) Brett 1952, (5) ODEQ 1995a, (6) Marine and Cech
2004, (7) USEPA 1999a
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1.5.3 Coho Freshwater Rearing and Growth

In a study of juvenile coho presence and absence in the Mattole watershed, Welsh et al.
(2001) used logistic regression to determine that an MWAT greater than 16.8°C or a
MWMT greater than 18.1°C may preclude the presence of juvenile coho salmon in the
stream. The criterion correctly determined the presence or absence of juvenile coho in 18
of 21 streams. Welsh et al. (2001) also reported that juvenile coho were found in all
streams with an MWAT less than 14.5°C, or a MWMT less than 16.3°C.

Sullivan et al. (2000) reviewed sub-lethal and acute temperature thresholds from a wide
range of studies, incorporating information from laboratory-based research, field
observations, and risk assessment approaches. Using a risk assessment approach based
on “realistic food estimates” Sullivan et al (2000) suggest that MWATS ranging from
12.5-14.5°C for coho will result in no more than a 10% reduction from maximum growth,
and that a range for the MWAT of 9-18.5°C will reduce growth no more than 20% from
maximum. Sullivan et al. (2000) also calculated temperature ranges for MWMT (13-
16.5°C) and the annual maximum temperature (13-17.5°C) that will result in no more
than a 10% reduction in maximum growth. They further calculated ranges for MWMT
(9-22.5°C) and the annual maximum temperature (9.5-23°C) that will result in no more
than a 20% growth loss.

In an attempt to determine the water temperature that will allow for maximum growth of
coho salmon, WDOE (2002) reviewed literature on laboratory studies conducted at a
constant temperature and fluctuating temperatures, and field studies. The two laboratory
studies reviewed were conducted under satiated feeding conditions. Shelbourn (1980, as
cited by WDOE 2002) found that maximum growth occurred at a constant temperature of
17°C, while Everson (1973, as cited by WDOE 2002) tested fish at different temperatures
and determined that coho had the greatest growth at the temperature test regime from
12.1-20.8°C (median 16.5°C). While the various field studies reviewed did not provide
an estimate of the temperature best for maximum growth they did allow for WDOE
(2002) to conclude that weekly average temperatures of 14-15°C were more beneficial to
growth than lower temperature regimes, and daily maximum temperatures of 21-26°C
were detrimental to growth.

Brett (1952) acclimated five different species of salmon to various temperatures ranging
from 5-24°C and found that coho salmon showed the greatest preference for temperatures
between 12-14°C. It was also determined that coho showed a general avoidance of
temperatures above 15°C even in fish who were acclimated to temperatures as high as
24°C.

Konecki et al. (1995a) raised two groups of juvenile coho salmon under identical regimes
to test the hypothesis that the group from a stream with lower and less variable
temperature would have a lower and less variable preferred temperature than the group
from a stream with warmer and more variable temperatures. Results reflected that the
two groups tended to differ in their preferred temperature range as predicted above, but
the differences were slight. Konecki et al. (1995a) concluded that the temperature
preference of juvenile coho salmon in their study was 10-12°C.
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Table 10: Effects of Temperature in Considering Juvenile Coho Rearing and Growth

°C REARING AND GROWTH
26
25
24 22-24 Temperature range which totally
23 21-26 Daily maximum temperatures in this eliminates salmogzgtsrifggtin;zr}g)rea, limiting their
22 | range are detrimental to growth, according to
field studies (3)
17.5-23 Annual
21 maximum
18-22 Temperature range at t_emperature
. e will ensure no
20 which transition in
. . more than 20%
19 dominance from salmonids reduction from
18.1 MWMT above this to other species occurs (9) maximum
may preclude the presence 16.5-22.5 growth (2)
18 | of juvenile coho in steams MWMT will
(5) ensure no more
than 20%
reduction from |17 Maximum growth at this
17 maximum constant temperature, at
growth (2) satiated rations in a lab study
(6)
16.8 MWAT above this may
preclude the presence of
| s e ot s O
16 14.5-18.5 MWAT will Greatest growth e ith MWMT |
ensure no more than 20% occurs in this > reetlrr]ns V,Elr: lue (5 ess 135175
reduction from maximum temperature an this value (5) : Annual
16 MWMT not exceed this .
growth (2) range under . maximum
. value to be protective of core
sa}t!ated rearing locations (1) temperature
conditions, lab 15 Tes sh will ensure no
study (7) > Juveniies snow more than 10%
15 avoidance, even those reduction from
13-16.5 MWMT acclimated to 24C (4) -
; maximum
will ensure no 14-15 Weekly average growth (2)
more than 10% temperatures in this range
reduction from are more beneficial than
maximum lower temperatures (3)
14 | 14.5 Juvenile coho found growth (2)
in all streams with MWAT
less than this value (5)
12.5-14.5 MWAT will 12-14 Preferred temperature
range (4)
13 ensure no more than 10%
reduction from maximum 9.5-13.5
p [ o413 T o
T will ensure no | 10-12 Preferred temperature temperature
9-12.5 MWAT will ensure more than 20% range (8) will ensure no
10 no more than 20% reduction from
. . . more than 20%
reduction from maximum maximum reduction from
9 growth (2) growth (2) max. growth
2

Sources: (1) USEPA 2003, (2) Sullivan et al. 2000, (3) WDOE 2002, (4) Brett 1952, (5) Welsh et al. 2001, (6) Shelbourn
1980, as cited by WDOE 2002, (7) Everson 1973, as cited by WDOE 2002, (8) Konecki et al. 1995a, (9) USEPA 1999a
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1.6 Lethality

All of the lethal temperatures referenced in this section can be found in Table 11. WDOE
(2002) reviewed literature on three types of studies (constant exposure temperature
studies, fluctuating temperature lethality studies, and field studies ) and used this
information to calculate the MWMT that, if exceeded, may result in adult and juvenile
salmonid mortality. The resultant MWMTs for these various types of studies are as
follows: constant exposure studies 22.64°C, fluctuating lethality studies 23.05°C , and
field studies 22.18°C.

1.6.1 Steelhead L ethality

Coutant (1970, as cited by USEPA 1999a) found that Columbia River steelhead, which
were acclimated to a river temperature of 19°C, had a lethal threshold of 21°C. Bell
(1986) reviewed various studies and states that the lethal threshold for steelhead is
23.9°C. According to the California Department of Fish and Game (2001, p.419),
temperatures of 21.1°C have been reported as being lethal to adults.

1.6.2 Chinook Lethality

In a laboratory study, Brett (1952) acclimated five different species of juvenile salmon to
various temperatures ranging from 5-24°C. At temperatures of 24°C and below there
was 100% survival of fish during the one-week duration of the experiment. Brett (1952)
concluded that the lethal temperature (temperature where survival becomes less than
100%) was between 24.0 and 24.5°C, and the ultimate upper lethal temperature was
25.1°C (temperature at which 50% of the population is dead after infinite exposure). A
review of numerous studies led Bell (1986) to conclude that the upper lethal temperature
for Chinook is 25°C. Myrick and Cech (2001) reviewed literature on studies from the
Central Valley and found data to suggest that the chronic (exposure >7 days) upper lethal
limit for juvenile Chinook is approximately 25°C.

1.6.3 Coho Lethality

In a review of various literature sources, Bell (1986) found that the upper lethal
temperature for coho is 25.6°C. Brett (1952) concluded that the ultimate upper lethal
temperature of juvenile coho salmon was 25.0°C (temperature at which 50% of the
population is dead after infinite exposure). Thomas et al. (1986) conducted a study to
determine the mortality of coho subjected to fluctuating temperatures. It was determined
that the LT50 (the temperature at which 50% of the population will die) for fish
acclimated to a 10-13°C cycle was 26°C for presmolts (age-2 fish), and 28°C for age-0
fish.
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Table 11: Effects of Temperature in Considering Lethality and Salmonids

°C Steelhead Chinook Coho All Salmonids
28 LT50" for age 0-fish
28 acclimated to a 10-13C
cycle (6)
27
26 LT50" for presmolts (age
26 2-fish) acclimated to a 10-
13C cycle (6)
25.1 Upper lethal temp. at
which 50% of the population
would die after infinite 25.6 Upper lethal threshold
exposure, juvenile Chinook 3)
acclimated to temperatures
from 5-24C (4)
25 25 U lethal threshold (3 25 Upper lethal temp. at
pper lethal threshold (3) which 50% of the
25 Chronic (exposure >7 population would die after
days) upper lethal limit for infinite exposure, juvenile
juvenile Chinook (5). coho acclimated to temps.
from 5-24C (4)
24-24.5 Survival becomes
24 less than 100% for juvenile
Chinook acclimated to
temperatures from 5-24C (4)
23.05 do not exceed this
93 23.9 Upper lethal value to prevent adult and
threshold for steelhead (3) juvenile mortality, data from
fluctuating temp. studies (1)
22.64 do not exceed this
value to prevent adult and
juvenile mortality, data from
99 constant exposure studies (1)
22.18 do not exceed this
value to prevent adult and
juvenile mortality, data from
field studies (1)
21.1 Temperature lethal
to adults (7)
21 21 Lethal threshold for

steelhead acclimated to
19C (2)

! Maximum temperature in the cycle at which 50% mortality occurred
Sources: (1) WDOE 2002, (2) Coutant 1970, as cited by USEPA 1999a, (3) Bell 1986, (4) Brett 1952, (5) Myrick and Cech
2001, (6) Thomas et al. 1986, (7) California Department of Fish and Game (CDFG) 2001

1.7 Disease

All of the effects of temperatures on disease risk in salmonids referenced in this section
can be found in Table 12. WDOE (2002) reviewed studies of disease outbreak in
salmonids and estimates that an MWMT of less than or equal to 14.38°C (midpoint of
12.58-16.18 range) will virtually prevent warm water disease effects. To avoid serious
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°C Ich Ceratomyxosis Columnaris Disease (general)
26
25
>24 Lifecycle
24 takes less than
4 days (5) 21-26.7
Org;';upgrtfg?' 23.3 Juvenile coho
91.23.9 Life | COmPpilation of saltrpoourj[ ;Tger?rlgl:now 23.3 Juvenile spring Chinook mortality was
23 cycle tlakes as temps. from exnosure to death is 92%, and time from exposure to death was
A three references P 2.3 days (13)
ew as 3-4 (3,4,5) 12.5 and 14 days
days (5) n respectively (9)
29 22.2 Mortality is 100% in juvenile sockeye
exposed to C. columnaris (10)
>21.1 Temperatures at this level are
21 associated with a 28-74% infection rate in
Chinook (11)
20.5 Mortality in juvenile steelhead and coho 18-20
6.7-23.3 g - Temperature
. from Columnaris was 100%, and 70% in .
20.5 Mortality is 84% Ju_vemle juvenile spring Chinook (13) range which
18.3-21.2 20 Lifecycle .in iuvenile coho rainbow >20.88 MWMTSs over this value is associated
20 Serious takes 1 week ex o]sed 0 C. shagta trout have 20.5 In juvenile steelhead and coho time can result in severe infections and | with a high
outbreaks of (6) P ) ' little or no | from exposure to death was 1.6-1.7 days (13) catastrophic outbreaks (1) risk of
Ich occur (4) ' abilityto | 20 Average water temperature at which low disease in
overcome | virulence strains show signs of outbreak (3, rearing
infection, 12) juveniles
19 and and
mortality migrating
18 varied adults (2)
from 75- 17.8 Mortality rates were 52, 92, and 99% 17.38 MWMT should not be
17 86% (9) for juvenile spring Chinook, steelhead and exceeded to avoid serious rates of 14-17
coho respectively (13) infection and mortality (1) Temperature
16 16.1 Mortality is 30% in juvenile sockeye range which
exposed to C. columnaris (10) is associated
>15.6 Associated with outbreaks | 15 Mortality is 22% in 15.6 Average water temperature at which with an
in salmonid fingerlings, juvenile coho exposed low virulence strains show signs of outbreak elevated risk
15 especially Chinook (3) to C. shasta (9). (3) of disegse in
. 15 Mortality was 31, 56, and 51% for rearing
155 LIfE(\JA)IlgelekSO]ESl)C h takes 2 juvenile spring Chinook, steelhead, and coho juveniles
respectively (13) _ and.
14 14.38 MWMT will virtually ::jlglrtastl(r;g]

prevent all warm water disease (1)
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rates of infection and mortality the MWMT should not exceed 17.38°C (midpoint of
15.58-19.18 range), and that severe infections and catastrophic outbreaks become a
serious concern when the MWMTSs exceed 20.88°C (midpoint of 18.58-23.18 range).

In a summary of temperature considerations, USEPA (2003) states that disease risks for
juvenile rearing and adult migration are minimized at temperatures from 12-13°C,
elevated from 14-17°C, and high at temperatures from 18-20°C.

Acknowledging that there are many diseases that affect salmonids, the following
discussion will focus on three which are common in the Klamath Basin:
Ichthyophthiriasis (Ich), Ceratomyxosis, and Columnaris. Ichthyophthirius multifiliisis a
protozoan parasite that causes the disease known as Ichthyophthiriasis (Ich). The disease
ceratomyxosis is caused by a parasite, Ceratomyxa shasta (C. shasta). Columnaris
disease is a bacterial infection caused by Flavobacterium columnare (synomyms:
Bacillus columnaris, Chondrococcus columnaris, Cytophaga columnaris, Flexibacter
columnaris).

1.7.1 I chthyophthiriasis (Ich)

Nigrelli et al. (1976, as cited by Dickerson et al. 1995) proposed that there are
physiological races of Ich, which are related to the temperature tolerance of the host
fishes. Thus, there are races of Ich that infect cold-water (7.2-10.6°C) fishes such as
salmon, and others that infect warm-water (12.8-16.1°C) tropical fishes. Bell (1986)
discusses Ich and states that at water temperatures above 15.6°C, this disease often
breaks out in salmon fingerlings, especially Chinook. CDWR (1988) states that serious
outbreaks of Ich occur at temperatures from 18.3-21.2°C.

Numerous studies and reviews have been conducted on the optimal temperature for Ich.
Piper et al. (1982, p.316.) wrote that optimal temperatures range from 21-23.9°C.
CDWR (1988) stated the optimum temperature for Ich is in the range of 25 to 26.7°C,
while Bell (1986) states optimum temperatures are noted from 21.2-26.7°C.

Temperature is an important factor in the persistence of Ich infections in salmonids. The
growth period varies from 1 week at 20 °C to 20 days at 7 °C (Nigrelli et al. 1976, as
cited by Dickerson et al. 1995). Piper et al. (1982, p.316) state that at optimal
temperatures of 21-23.9°C, the life cycle may take as few as 3-4 days. The cycle
requires 2 weeks at 15.5°C, and more than 5 weeks at 10°C (Piper et al. 1982, p.316).
Durborow et al. (1998) note that to complete its lifecycle, Ich requires from less than 4
days at temperatures higher than 24°C, to more than 5 weeks at temperatures lower than
7°C. Although studies report varying lengths of time for Ich to complete its lifecycle at
similar temperatures, it is clear that the speed at which Ich develops increases as
temperatures increase.

1.7.2 Ceratomyxosis

In reviewing the literature on Ceratomyxosis (a disease caused by the parasite, C. shasta),
it is clear that as water temperatures increase, the intensity of the disease increases, and
the incubation period decreases (CDWR 1988, Letritz and Lewis, Udey et al. 1975). At
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water temperatures greater than 10°C, steelhead will show evidence of Ceratomyxosis in
approximately 38 days (Leitritz and Lewis 1976, p.154). In a study of juvenile coho
salmon by Udey et al. (1975), time from exposure to death was more than 90%
temperature dependent, and increased from 12.5 days at 23.3°C, to 146 days at 9.4°C.
These results show the accelerating effect of higher temperatures on the progress of the
disease. The time from exposure to death of juvenile rainbow trout was nearly 97%
temperature dependent, increasing from 14 days at 23.3°C to 155 days at 6.7°C (Udey et
al. 1975).

C. shasta appears to become infective at temperatures around 10-11°C (CDWR 1988).
According to Leitritz and Lewis (1976, p.154), steelhead from the Klamath River are
quite susceptible to C. shasta infections and suffer severe losses when exposed.

Udey et al. (1975) conducted a study to determine the relation of water temperature to
Ceratomyxosis in juvenile rainbow trout and coho salmon. Rainbow trout from the
Roaring River Hatchery, and coho from Fall Creek Salmon Hatchery (both in Oregon)
were used in this experiment. Groups of 25 fish exposed to C. shasta were transferred to
12.2°C water, and then were tempered to one of eight experimental temperatures from
3.9t0 23.3°C (2.8°C increments).

In the juvenile coho salmon experiment, Udey et al. (1975) found that percent mortality
increased progressively from 2% at 9.4°C to 22% at 15.0°C and 84% at 20.5°C. No
deaths occurred in coho salmon maintained at 3.9 and 6.7°C, indicating that
ceratomyxosis in coho can be suppressed by water temperatures of 6.7°C or below (Udey
et al. 1975).

Tests conducted by Udey et al. (1975) on rainbow trout juveniles indicate that once
infection is initiated, juvenile rainbow trout have little or no ability to overcome C. shasta
infections at water temperatures between 6.7 and 23.3°C. Fatal infections varied from
75-86% at temperatures ranging from 6.7 to 15.0°C (Udey et al. 1975). Mortality in
trout held at 20.5 and 23.3°C were lower (72% and 52% respectively) due to losses from
Flexibacter columnaris, which occurred well before the onset of deaths caused by C.
shasta, in spite of efforts to control it with terramycin (Udey et al. 1975). The results
from Udey et al. (1975) also reflected no deaths occurred in juvenile trout held at 3.9°C.

1.7.3 Columnaris

The importance of temperature on infections of Columnaris has been demonstrated in
numerous laboratory studies. Ordal and Rucker (1944, as cited by Pacha et al. 1970)
exposed juvenile sockeye salmon to C. columnarisand studied the effect of temperature
on the disease. In these studies, the overall mortality ranged from 30% in fish held at
16.1°C to 100% in those held at 22.2°C (Ordal and Rucker 1944, as cited by Pacha et al.
1970). USEPA (1999a) cites studies that conducted surveys of Columnaris infection
frequency on Chinook in the Snake River in July and early August of 1955-1957, which
revealed 28-75% of fish infected when water temperature was >21.1°C.

Low virulence strains of Columnaris show signs of outbreak when average water
temperatures are over 20°C (Bell 1986, Pacha et al. 1970). Bell (1986) states that
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outbreaks of high virulence strains occur when average water temperatures reach 15.6°C,
and Pacha et al. (1970) found mortalities of 60-100% (majority of tests 100%) occur at
temperatures of 12.8°C after 7 days of infection. With regard to strains of higher
virulence, while these strains are capable of beginning infection and producing disease at
water temperatures as low as 12.8°C, the disease process becomes progressively slower
as the water temperature is lowered (Pacha et al. 1970).

Holt et al. (1975) performed a study on the relation of water temperature to Columnaris in
juvenile steelhead trout and juvenile coho and spring Chinook salmon. Tests were
performed on groups of 25-35 fish at eight temperatures ranging from 3.9°C to 23.3°C
(2.8°C increments). At 20.5°C mortality was 100% in juvenile steelhead trout and coho
salmon, 70% in juvenile spring Chinook salmon, and at temperatures 23.3°C juvenile
spring Chinook mortality was 92% (Holt et al. 1975). Mortality rates were 52, 92, and
99% at 17.8°C for juvenile spring Chinook, steelhead trout, and coho salmon
respectively, and mortality dropped to 31, 56, and 51% at 15.0°C (Holt et al. 1975). At
12.2°C mortality varied from 4 to 20% among juveniles of the three species, and at
temperatures of 9.4°C and below, no deaths due to the experimental infection with F.
columnaris occurred (Holt et al. 1975). Holt et al. (1975) state that these results indicate
that under the conditions of these experiments Columnaris disease was completely
suppressed by water temperatures of 9.4°C or below.

In general, data from laboratory studies indicates that as water temperatures increase, the
time to death decreases (Pacha et al. 1970). With juvenile steelhead trout and juvenile
coho and spring Chinook salmon as the temperature increased above 12.2°C, the disease
process was progressively accelerated, resulting in @ minimum time to death at 20.5 or
23.3°C and a maximum at 12.2°C (Holt et al. 1975). In these juvenile salmonids Holt et
al. (1975) found the mean time to death decreased from 7.6-12.2 days at 12.2°C to 1.6-
1.7 days at 20.5°C for juvenile coho and steelhead, and 2.3 days at 23.3°C for juvenile
spring Chinook (Holt et al. 1975).

1.8 TMDL Temperature Thresholds

Currently there are no numeric temperature standards in the Water Quality Control Plan
for the North Coast Region (Basin Plan). Thus, information from this literature review
will be utilized by Regional Water Board staff to selected chronic and acute temperature
thresholds for evaluation of stream temperatures in TMDLs. Chronic temperature
thresholds (MWMTs) were selected from the USEPA document EPA Region 10
Guidance For Pacific Northwest State and Tribal Temperature Water Quality Standards
(2003), and are presented in Table 13. The Region 10 guidance is the product of a three-
year interagency effort, and has been reviewed by both independent science review
panels and the public. Acute lethal temperature thresholds were selected based upon best
professional judgment of the literature, and are presented in Table 14.
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Table 13: Life Stage Temperature Thresholds

Life Stage MWMT (°C)
Adult Migration 20
Adult Migration plus Non-Core’ Juvenile Rearing 18
Core” Juvenile Rearing 16
Spawning, Egg Incubation, and Fry Emergence 13

I Non-Core is defined as moderate to low density salmon and trout rearing usually occurring

in the mid or lower part of the basin (moderate and low not defined).
2 Core is defines as areas of high density rearing (high is not specifically defined).

Source: USEPA 2003

Table 14: Lethal Temperature Thresholds

Lethal Threshold® (°C)

Life Stage Steelhead | Chinook Coho
Adult Migration and Holding 24 25 25
Juvenile Growth and Rearing 24 25 25
Spawning, Egg Incubation, and Fry Emergence 20 20 20

! The lethal thresholds selected in this table are generally for chronic exposure (greater than
seven days). Although salmonids may survive brief periods at these temperatures, they are

good benchmarks from the literature for lethal conditions.

In some cases it may be necessary to calculate MWATS for a given waterbody, and
compare these to MWAT thresholds. USEPA (2003) states that for many rivers in the
Pacific Northwest the MWMT is about 3°C higher than the MWAT (USEPA 2003, as

cited by Dunham et al. 2001and Chapman 2002). Rather than list MWAT thresholds in
this document using the 3°C difference suggested above, the Regional Water Board will

consider stream temperatures within each individual TMDL waterbody. Thus the

Regional Water Board will calculate both MWMTs and MWATS for the waterbody, and

characterize the actual difference between these temperature metrics for the watershed

using an approach similar to that used in Sullivan et al. (2000). Once this relationship is
understood, MWAT thresholds for each life stage can be identified and compared to the

watershed MWATS.

The freshwater temperature thresholds presented in this section are applicable during the

season or time of year when the life stage of each species is present. Periodicity
information is not discussed in this document and will be presented in each individual

TMDL staff report. Where life history, timing, and/or species needs overlap, the lowest

of each temperature metric applies.
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CHAPTER 2. DISSOLVED OXYGEN and TOTAL DISSOLVED GAS
2.1 Introduction

Adequate concentrations of dissolved oxygen in fresh water streams are critical for the
survival of salmonids. Fish have evolved very efficient physiological mechanisms for
obtaining and using oxygen in the water to oxygenate the blood and meet their metabolic
demands (WDOE 2002). Reduced levels of dissolved oxygen can impact growth and
development of different life stages of salmon, including eggs, alevins, and fry, as well as
the swimming, feeding and reproductive ability of juveniles and adults. Such impacts
can affect fitness and survival by altering embryo incubation periods, decreasing the size
of fry, increasing the likelihood of predation, and decreasing feeding activity. Under
extreme conditions, low dissolved oxygen concentrations can be lethal to salmonids.
High levels of total dissolved gas concentrations (TDG), including dissolved oxygen, can
result in gas bubble disease and death for salmonids.

Literature reviewed for this analysis included EPA guidance, other states’ standards,
reports that compiled and summarized existing scientific information, and numerous
laboratory studies. When possible, species-specific requirements were summarized for
the following life stages: migrating adults, incubation and emergence, and freshwater
rearing and growth. The following information applies to salmonids in general, with
specific references to coho, Chinook, steelhead, and other species of salmonids as
appropriate.

2.2 Effects of Low Dissolved Oxygen Concentrations on Salmonids

2.2.1 Adult Migration

Reduced concentrations of dissolved oxygen can negatively affect the swimming
performance of migrating salmonids (Bjornn and Reiser 1991). The upstream migration
by adult salmonids is typically a stressful endeavor. Sustained swimming over long
distances requires high expenditures of energy and therefore requires adequate levels of
dissolved oxygen. Migrating adult Chinook salmon in the San Joaquin River exhibited
an avoidance response when dissolved oxygen was below 4.2 mg/L, and most Chinook
waited to migrate until dissolved oxygen levels were at 5 mg/L or higher (Hallock et al.
1970).

2.2.2 Incubation/Emergence

Low levels of dissolved oxygen can be directly lethal to salmonids, and can also have
sublethal effects such as changing the rate of embryological development, the time to
hatching, and size of emerging fry (Spence et al. 1996). The embryonic and larval stages
of salmonid development are especially susceptible to low dissolved oxygen levels as
their ability to extract oxygen is not fully developed and their relative immobility inhibits
their ability to migrate to more favorable conditions. The dissolved oxygen requirements
for successful incubation of embryos and emergence of fry is tied to intragravel dissolved
oxygen levels. Intragravel dissolved oxygen is typically a function of many chemical,
physical, and hydrological variables, including: the dissolved oxygen concentration of the
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overlying stream water, water temperature, substrate size and porosity, biochemical
oxygen demand of the intragravel water, sediment oxygen demand, the gradient and
velocity of the stream, channel configuration, and depth of water. As a result the
dissolved oxygen concentration within the gravels can be depleted causing problems for
salmonid embryos and larvae, even when overlying surface water oxygen levels are
suitable (USEPA 1986a).

Studies note that water column dissolved oxygen concentrations are typically estimated
to be reduced by 1-3 mg/L as water is transmitted to redds containing developing eggs
and larvae (WDOE 2002). USEPA (1986a) concluded that dissolved oxygen levels
within the gravels should be considered to be at least 3 mg/L lower than concentrations in
the overlying water. ODEQ (1995b) expect the loss of an average of 3 mg/L dissolved
oxygen from surface water to the gravels.

2.2.3 Incubation Mortality

Phillips and Campbell (1961, as cited by Bjornn and Reiser 1991) concluded that
intragravel dissolved oxygen must average 8 mg/L for embryos and alevins to survive
well. After reviewing numerous studies Davis (1975) states that a dissolved oxygen
concentration of 9.75 mg/L is fully protective of larvae and mature eggs, while at 8 mg/L
the average member of the incubating population will exhibit symptoms of oxygen
distress, and at 6.5 mg/L a large portion of the incubating eggs may be affected. Bjornn
and Reiser (1991) reviewed numerous references and recommend that dissolved oxygen
should drop no lower than 5 mg/L, and should be at or near saturation for successful
incubation.

In a review of several laboratory studies, ODEQ (1995b) concluded that at near optimum
(10°C) constant temperatures acute mortality to salmonid embryos occurs at relatively
low concentrations of dissolved oxygen, near or below 3 mg/L. Field studies reviewed
by ODEQ (1995b) demonstrate that embryo survival is low when the dissolved oxygen
content in the gravels drops near or below 5 mg/L, and survival is greater at 8 mg/L.

Silver et al. (1963) performed a study with Chinook salmon and steelhead trout, rearing
eggs at various constant dissolved oxygen concentrations and water velocities. They
found that steelhead embryos held at 9.5°C and Chinook salmon embryos held at 11°C
experienced complete mortality at dissolved oxygen concentrations of 1.6 mg/L.
Survival of a large percentage of embryos reared at oxygen levels as low as 2.5 mg/L
appeared to be possible by reduction of respiration rates and consequent reduction of
growth and development rates.

In a field study Cobel (1961) found that the survival of steelhead embryos was correlated
to intragravel dissolved oxygen in the redds, with higher survival at higher levels of
dissolved oxygen. At 9.25 mg/L survival was 62%, but survival was only 16% at 2.6
mg/L. A laboratory study by Eddy (1971) found that Chinook salmon survival at 10.4
mg/L (13.5 °C) was approximately 67%, however at dissolved oxygen levels of 7.3 mg/L
(13.5 °C) survival dropped to 49-57.6%. At temperatures more suitable for Chinook
incubation (10.5 °C) Eddy (1971) found the percent survival remained high (over 90%) at
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dissolved oxygen levels from 11 mg/L to 3.5 mg/L; however, as dissolved oxygen levels
decreased, the number of days to hatching increased and the mean dry weight of the fry
decreased substantially. WDOE (2002) also points out that the studies above did not
consider the act of emerging through the redds, and the metabolic requirements to emerge
would be expected to be substantial. Therefore, it is likely that higher oxygen levels may
be needed to fully protect hatching and emergence, than to just support hatching alone.

2.2.4 Incubation Growth

Embryos can survive when dissolved oxygen is below saturation (and above a critical
level), but development typically deviates from normal (Bjornn and Reiser 1991).
Embryos were found to be smaller than normal, and hatching either delayed or
premature, when dissolved oxygen was below saturation throughout development
(Doudoroff and Warren 1965, as cited by Bjornn and Reiser 1991).

Garside (1966) found the number of days it took for rainbow trout to go from fertilization
to hatching increased as dissolved oxygen concentrations and water temperature
decreased. In this study, rainbow trout were incubated at temperatures between 2.5 -
17.5°C and dissolved oxygen levels from 2.5 - 11.3 mg/L. At 10°C and 7.5°C the total
time for incubation was delayed 6 and 9 days respectively at dissolved oxygen levels of
2.5 mg/L versus embryos incubated at approximately 10.5 mg/L.

Silver et al. (1963) found that hatching of steelhead trout held at 9.5°C was delayed 5 to 8
days at dissolved oxygen concentrations averaging 2.6 mg/L versus embryos reared at
11.2 mg/L. A smaller delay of hatching was observed at oxygen levels of 4.2 and 5.7
mg/L, although none was apparent at 7.9 mg/L. For Chinook salmon held at 11°C,
Silver et al. observed that embryos reared at oxygen levels lower than 11 mg/L
experienced a delay in hatching, with the most significant delay in those reared at
dissolved oxygen levels of 2.5 mg/L (6 to 9 days). The size of both Chinook and
steelhead embryos increased with increases in dissolved oxygen up to 11.2 mg/L.
External examination of embryos revealed abnormal structural development in Chinook
salmon tested at dissolved oxygen concentrations of 1.6 mg/L, and abnormalities in
steelhead trout at concentrations of 1.6 and 2.6 mg/L. The survival of Chinook salmon
after hatching was only depressed at the 2.5 mg/L level, the lowest level at which
hatching occurred, with lower mortalities occurring at higher velocities. Post hatching
survival of steelhead trout could not be determined due to numerous confounding factors.

Shumway et al. (1964) conducted a laboratory study to determine the influence of oxygen
concentration and water movement on the growth of steelhead trout and coho salmon
embryos. The experiments were conducted at a temperature of 10°C and oxygen levels
generally ranging from 2.5 - 11.5 mg/L and flows from 3 to 750 cm/hour. It was
concluded that the median time to hatching decreased and size of fry increased as
dissolved oxygen levels increased. For example, steelhead trout embryos reared at 2.9
mg/L hatched in approximately 41 days and had a wet weight of 17 mg, while embryos
reared at 11.9 mg/L hatched in 36 days and weighed 32.3 mg. The authors found that a
reduction of either the oxygen concentration or the water velocity will reduce the size of

28



PUBLIC REVIEW DRAFT

fry and increase the incubation period, although the affect of various water velocities
tested was less than the effect of the different dissolved oxygen concentrations tested.

WDOE (2002) reviewed various references and found that at favorable incubation
temperatures a mean oxygen concentration of 10.5 mg/L will result in a 2% reduction in
growth. At other oxygen concentrations, growth is reduced as follows: 8% reduction at
oxygen levels of 9 mg/L, 10% reduction at 7 mg/L, and a 25% reduction at 6 mg/L.

2.2.5 Incubation Avoidance/Preference

Alevin showed a strong preference for oxygen concentrations of 8 - 10 mg/L and moved
through the gravel medium to these concentrations, avoiding concentrations from 4 - 6
mg/L (WDOE 2002).

2.2.6 Emergence Mortality

“The hatching time, size, and growth rate of developing embryos is proportional to the
dissolved oxygen concentrations up to 8 mg/L or greater. The ability of fry to survive
their natural environment may be related to the size of fry at hatch (ODEQ 1995b).”
McMahon (1983) recommends dissolved oxygen levels be > 8 mg/L for high survival
and emergence of fry. In a review of controlled field and lab studies on emergence,
WDOE (2002) states that average intragravel oxygen concentrations of 6 - 6.5 mg/L and
lower can cause stress and mortality in developing embryos and alevin. It is also noted
that field studies on emergence consistently cite intragravel oxygen concentrations of 8
mg/L or greater as being associated with or necessary for superior health and survival,
oxygen concentrations below 6 - 7 mg/L result in a 50% reduction in survival through
emergence, and oxygen concentrations below 5 mg/L result in negligible survival.
According to various laboratory studies, the threshold for complete mortality of emerging
salmonids is noted to occur between 2 - 2.5 mg/L (WDOE 2002).

After reviewing numerous literature sources, the USEPA (1986a) concluded that the
embryonic and larval stages of salmonid development will experience no impairment
when water column dissolved oxygen concentrations are 11 mg/L. This translates into an
intragravel dissolved oxygen concentration of 8 mg/L (USEPA assumes a 3 mg/L loss
between the surface water and gravels). Table 15 from the USEPA (1986a) lists the
water column and intragravel dissolved oxygen concentrations associated with various
health effects. These health affects range from no production impairment to acute
mortality.

Table 15: Dissolved oxygen concentrations and their effects salmonid embryo and larval stages

Level of Effect Water Column DO (mg/L) Intragravel DO
(mg/L)
No Production Impairment 11 8*
Slight Production Impairment 9 6*
Moderate Production Impairment 8 5*
Severe Production Impairment 7 4*
Limit to Avoid Acute Mortality 6 3*

* A 3 mg/L loss is assumed between the water column dissolved oxygen levels and those intragravel.
Source: USEPA 1986a
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2.2.7 Freshwater Rearing and Growth

2.2.7.1 Swimming and Activity

Salmonids are strong active swimmers requiring highly oxygenated waters (Spence
1996), and this is true during the rearing period when the fish are feeding, growing, and
avoiding predation. Salmonids may be able to survive when dissolved oxygen
concentrations are low (<5 mg/L), but growth, food conversion efficiency, and swimming
performance will be adversely affected (Bjornn and Reiser 1991). Davis (1975) reviewed
numerous studies and reported no impairment to rearing salmonids if dissolved oxygen
concentrations averaged 9 mg/L, while at oxygen levels of 6.5 mg/L “the average
member of the community will exhibit symptoms of oxygen distress”, and at 4 mg/L a
large portion of salmonids may be affected. Dahlberg et al. (1968) state that at
temperatures near 20°C any considerable decrease in the oxygen concentration below 9
mg/L (the air saturation level) resulted in some reduction of the final swimming speed.
They found that between dissolved oxygen concentrations of 7 to 2 mg/L the swimming
speed of coho declined markedly with the decrease in dissolved oxygen concentration.

In a laboratory study, Davis et al. (1963) reported that the maximum sustainable
swimming speeds of wild juvenile coho salmon were reduced when dissolved oxygen
dropped below saturation at water temperatures of 10, 15, and 20°C. Air-saturation
values for these dissolved oxygen concentrations were cited as 11.3, 10.2, and 9.2 mg/L
respectively. They found that the maximum sustained swimming speeds (based on first
and second swimming failures at all temperatures) were reduced by 3.2 - 6.4%, 5.9 -
10.1%, 9.9 - 13.9%, 16.7 - 21.2%, and 26.6 - 33.8% at dissolved oxygen concentrations
of 7, 6, 5, 4, and 3 mg/L respectively. The authors also conducted tests on juvenile
Chinook salmon and found that the percent reductions from maximum swimming speed
at temperatures ranging from 11 to 15°C were greater than those for juvenile coho. At
the dissolved oxygen concentrations listed above swimming speeds were decreased by
10%, 14%, 20%, 27%, and 38% respectively.

WDOE (2002) reviewed various data and concluded that swimming fitness of salmonids
is maximized when the daily minimum dissolved oxygen levels are above 8 - 9 mg/L.
Jones et al. (1971, as cited by USEPA 1986a) found the swimming speed of rainbow
trout was decreased 30% from maximum at dissolved oxygen concentrations of 5.1 mg/L
and 14°C. At oxygen levels of 3.8 mg/L and a temperature of 22°C, they found a 43%
reduction in the maximum swimming speed.

2.2.7.2 Growth

In a review of constant oxygen exposure studies WDOE (2002) concluded salmonid
growth rates decreased less than 10% at dissolved oxygen concentrations of 8 mg/L or
more, less than 20% at 7 mg/L, and generally less than 22% at 5 - 6 mg/L. Herrmann
(1958) found that the mean percentage of weight gain in juvenile coho held at constant
dissolved oxygen concentrations was 7.2% around 2 mg/L, 33.6% at 3 mg/L, 55.8% near
4 mg/L, and 67.9% at or near 5 mg/L. In a laboratory study Fischer (1963) found that the
growth rates of juvenile coho exposed to constant oxygen concentrations ranging from
2.5 to 35.5 mg/L (fed to satiation, temperature at approximately 18 °C) dramatically
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decreased with decreases in the oxygen concentration below 9.5 mg/L (air saturation
level). WDOE (2002) concludes that a monthly or weekly average concentration of 9
mg/L, and a monthly average of the daily minimum concentrations should be at or above
8 - 8.5 mg/L to have a negligible effect (5% or less) on growth and support healthy
growth rates.

Food conversion efficiency is related to dissolved oxygen levels and the process becomes
less efficient when oxygen concentrations are below 4 - 4.5 mg/L (ODEQ 1995b).

Bjornn and Reiser (1991) state that growth, food conversion efficiency, and swimming
performance are adversely affected when dissolved oxygen concentrations are <5 mg/L.
The USEPA (1986a) reviewed growth data from a study conducted by Warren et al.
(1973) where tests were conducted at various temperatures to determine the growth of
coho and Chinook. USEPA cites that, with the exception of tests conducted at 22 °C, the
results supported the idea that the effects of low dissolved oxygen become more severe at
higher temperatures.

Brett and Blackburn (1981) performed a laboratory study to determine the growth rate
and food conversion efficiency of young coho and sockeye salmon fed full rations. Tests
were performed at dissolved oxygen concentrations ranging from 2 to 15 mg/L at a
constant temperature of 15°C, the approximate optimum temperature for growth of
Pacific Salmon. Both species showed a strong dependence of growth on the
environmental oxygen concentrations when levels were below 5 mg/L. For coho, zero
growth was observed at dissolved oxygen concentrations of 2.3 mg/L. The mean value
for maximum coho growth occurred at 4 mg/L, and at dissolved oxygen concentrations
above this level growth did not appear to be dependant on the dissolved oxygen. Sockeye
displayed zero growth at oxygen levels of 2.6 mg/L, and reached the zone of
independence (growth not dependant on dissolved oxygen levels) at 4.2 mg/L. Brett and
Blackburn (1981) conclude that the critical inflection from oxygen dependence to
independence occurs at 4 - 4.2 mg/L for coho and sockeye.

Herrmann et al. (1962) studied the influence of various oxygen concentrations on the
growth of age 0 coho salmon held at 20 °C. Coho were held in containers at a constant
mean dissolved oxygen level ranging from 2.1 - 9.9 mg/L and were fed full rations. The
authors concluded that oxygen concentrations below 5 mg/L resulted in a sharp decrease
in growth and food consumption. A reduction in the mean oxygen levels from 8.3 mg/L
to 6 and 5 mg/L resulted in slight decreases in food consumption and growth. Weight
gain in grams per gram of food consumed was slightly depressed at dissolved oxygen
concentrations near 4 mg/L, and were markedly reduced at lower concentrations. At
oxygen levels of 2.1 and 2.3 mg/L, many fish died and the surviving fish lost weight and
consumed very little food.

USEPA (1986a) calculated the median percent reduction in growth rate of Chinook and
coho salmon fed full rations at various dissolved oxygen concentrations. They calculated
no reduction in growth at dissolved oxygen concentrations of 8 and 9 mg/L, and a 1%
reduction in growth at 7 mg/L for both species. At 6 mg/L Chinook and coho growth
were reduced by 7% and 4% respectively. Dissolved oxygen levels of 4 mg/L result in a
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29% reduction in growth for Chinook salmon and 21% reduction in growth for coho. At
3 mg/L there was a 47% decrease in Chinook growth and a 37% reduction in coho
growth. USEPA (1986a) states that due to the variability inherent in growth studies the
reductions in growth rates seen above 6 mg/L are not usually statistically significant,
while reductions in growth at dissolved oxygen levels below 4 mg/L are considered
severe.

2.2.7.3 Avoidance and Preference

Salmonids have been reported to actively avoid areas with low dissolved oxygen
concentrations, which is likely a useful protective mechanism that enhances survival
(Davis 1975). Field and laboratory studies have found that avoidance reactions in
juvenile salmonids consistently occur at concentrations of 5 mg/L and lower, and there is
some indication that avoidance is triggered at concentrations as high as 6 mg/L.
Therefore these dissolved oxygen levels should be considered a potential barrier to the
movement and habitat selection of salmonids (WDOE 2002).

Spoor (1990) performed a laboratory study on the distribution of fingerling brook trout in
dissolved oxygen concentration gradients. Sixteen gradients between 1 and 8.9 mg/L
were used for the study to determine what level of dissolved oxygen is preferred by the
brook trout. It was found that in the absence of a gradient with dissolved oxygen
concentrations at 6 mg/L or more throughout the system, the fish moved freely without
showing preference or avoidance. Movement from low to higher oxygen concentrations
were noted throughout the study. Fish moved away from water with dissolved oxygen
concentrations from 1 - 1.9 mg/L within one hour, moved away from water with
dissolved oxygen concentrations of 2 - 2.9 mg/L within 1 - 2 hours, and moved away
more slowly from concentrations of 3 - 3.9 mg/L. From his study, Spoor (1990)
concluded that brook trout will avoid oxygen concentrations below 4 mg/L, and preferred
oxygen levels of 5 mg/L or higher.

Whitmore et al. (1960) performed studies with juvenile coho and Chinook salmon to
determine their avoidance reaction to dissolved oxygen concentration of 1.5, 3, 4.5, and
6 mg/L at variable river water temperatures. Juvenile Chinook salmon showed marked
avoidance of oxygen concentrations near 1.5, 3, and 4.5 mg/L in the summer at mean
temperatures ranging from 20.7 - 22.8°C, but no avoidance to levels near 6 mg/L at a
mean temperature of 18.4°C. Chinook did not show as strong an avoidance to these
oxygen levels in the fall when water temperatures were lower, ranging from 11.8 -
13.2°C. Chinook showed little avoidance of dissolved oxygen concentrations near 4.5
mg/L during the fall, and no avoidance to concentrations near 6 mg/L. In all cases
avoidance became progressively larger with reductions in the oxygen concentration
below 6 mg/L. Seasonal differences of avoidance are most likely due to differences in
water temperature. At temperatures ranging from 18.4 - 19°C juvenile coho salmon
showed some avoidance to all of the above oxygen concentrations, including 6 mg/L.
Their behavior was more erratic than that of Chinook, and their avoidance of
concentrations near 4.5 mg/L and lower was not as pronounced at corresponding
temperatures. The juvenile coho often started upon entering water with low dissolved
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oxygen and then darted around until they found their way out of the experimental
channel.

USEPA (1986a) performed a literature review and cites the effects of various dissolved
oxygen concentrations on salmonid life stages other than embryonic and larval (Table
16). These effects range from no impairment at 8 mg/L to acute mortality at dissolved
oxygen levels below 3 mg/L.

Table 16: Dissolved oxygen concentrations and their effects on salmonid life stages other than
embryonic and larval

Level of Effect Water Column DO (mg/L)

No Production Impairment

Slight Production Impairment

Moderate Production Impairment

Severe Production Impairment

Wbl 0

Limit to Avoid Acute Mortality

Source: USEPA 1986a

2.2.8 Lethality

Salmonid mortality begins to occur when dissolved oxygen concentrations are below 3
mg/L for periods longer than 3.5 days (USEPA 1986a). A summary of various field
study results by WDOE (2002) reports that significant mortality occurs in natural waters
when dissolved oxygen concentrations fluctuate the range of 2.5 - 3 mg/L. Long-term
(20 - 30 days) constant exposure to mean dissolved oxygen concentrations below 3 - 3.3
mg/L is likely to result in 50% mortality of juvenile salmonids (WDOE 2002).
According to a short-term (1 - 4 hours) exposure study by Burdick et al. (1954, as cited
by WDOE, 2002), in warm water (20 - 21°C) salmonids may require daily minimum
oxygen levels to remain above 2.6 mg/L to avoid significant (50%) mortality. From these
and other types of studies, WDOE (2002) concluded that juvenile salmonid mortality can
be avoided if daily minimum dissolved oxygen concentration remain above 3.9 mg/L,
and the monthly or weekly average of minimum concentrations remains above 4.6 mg/L.

2.3 Effects of High Total Dissolved Gas Concentrations on Salmonids

High levels of total dissolved gas (TDG), including dissolved oxygen, can be harmful to
salmonids and other fish and result in “gas bubble disease”. This occurs when dissolved
gases in their circulatory system come out of solution and form bubbles which block the
flow of blood through the capillary vessels (USEPA 1986b). There are several ways
TDG supersaturation can occur, including excessive algal photosynthesis which can
create supersaturated dissolved oxygen conditions (USEPA 1986b). Thus, to protect
salmonids and other freshwater fish the USEPA has set criteria for TDG stating that
levels should not exceed 110% of the saturation value.

Numerous studies have been conducted to determine the mortality rate of salmonids
exposed to various levels of TDG. Mesa et al. (2000) conducted laboratory experiments
on juvenile Chinook and steelhead, exposing them to different levels of TDG and found
no fish died when held at 110% TDG for up to 22 days. When fish were exposed to
120% TDG, 20% of juvenile Chinook died within 40 to 120 hours while 20% of juvenile
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steelhead died within 20 to 35 hours. At TDG levels of 130% Chinook mortality reached
20% after 3 to 6 hours and steelhead mortality was 20% after 5 to 7 hours. Gale et al.
(2001) held adult female spring Chinook at mean TDG levels ranging from 114.1% to
125.5% and found the time to first mortality ranged from 10 to 68 hours.

USEPA (1986b) discusses various studies on the effects of TDG on salmonids. The
following studies are all cited from the USEPA 1986 water quality criteria document.
Bouck et al. (1975) found TDG levels of 115% and above to be acutely lethal to most
species of salmonids, and levels of 120% TDG are rapidly lethal to all salmonids.
Conclusions drawn from Ebel et al. (1975) and Rulfison and Abel (1971) include the
following:

e Adult and juvenile salmonids confined to shallow water (1 m) with TDG levels
above 115% experience substantial levels of mortality.

e Juvenile salmonids exposed sublethal levels TDG supersaturation are able to
recover when returned to normally saturated water, while adults do not recover
and generally die.
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CHAPTER 3. AMMONIA

3.1 Introduction

According to the USEPA (1986b, p.17), acute concentrations of ammonia can cause loss
of equilibrium, hyperexcitability, increased breathing, cardiac output and oxygen uptake,
and, in extreme cases, convulsions, coma, and death of fish. Lower concentrations of
ammonia can result in reduced hatching success, reduced growth and morphological
development, and pathologic changes in tissues of gills, livers, and kidneys.

The information in the following sections was extracted from the USEPA document
titled: 1999 Update of Ambient Water Quality Criteria for Ammonia. The information
presented applies to salmonids in general.

3.2 Ammonia Speciation

Ammonia in water exists primarily in two forms, un-ionized ammonia (NHs) and
ammonium ion (NH;") (USEPA 1999b, p.2). The fraction of each of these two forms, or
ammonia speciation, varies markedly with temperature and pH (USEPA 1999b, p.2).
The pH-dependence of the relative amounts of un-ionized ammonia and ammonium ion
at 25°C are presented in Figure 1 below (USEPA 1999b, p.2). Ammonia speciation also
depends on ionic strength, although in freshwater this effect is much smaller than the
effects of temperature and pH (USEPA 1999b, p.3)

Un-ionized Ammonia , " Ammonium Icon

0,001 =

Fraction of Total Ammonia

pH

Figure 1: Chemical Speciation of Ammonia
Source: USEPA 1999b, p.3
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3.3 Ammonia Toxicity

These speciation relationships are important to ammonia toxicity
because un-ionized ammonia is much more toxic than ammonium
ion. The importance of un-ionized ammonia was first recognized
when it was observed that increased pH caused total ammonia to
appear to be much more toxic (Chipman 1934; Wuhrmann and
Woker 1948). It is not surprising that un-ionized ammonia is the
more toxic form, because it is a neutral molecule and thus is able to
diffuse across the epithelial membranes of aquatic organisms much
more readily than the charged ammonium ion. Ammonia is unique
among regulated pollutants because it is an endogenously produced
toxicant that organisms have developed various strategies to
excrete, which is in large part by passive diffusion of un-ionized
ammonia from the gills. High external un-ionized ammonia
concentrations reduce or reverse diffusive gradients and cause the
buildup of ammonia in gill tissue and blood (USEPA 1999b, p.3).

Because of the importance of un-ionized ammonia, it became a
convention in the scientific literature to express ammonia toxicity
in terms of un-ionized ammonia, and water quality criteria and
standards followed this convention. However, there are reasons to
believe that ammonium ion can contribute significantly to
ammonia toxicity under some conditions. Observations that
ammonia toxicity is relatively constant when expressed in terms of
un-ionized ammonia come mainly from toxicity tests conducted at
pH>7.5. At lower pH, toxicity varies considerably when expressed
in terms of unionized ammonia and under some conditions is
relatively constant in terms of ammonium ion (Erickson 1985).
Also, studies have established that mechanisms exist for the
transport of ammonium ion across gill epithelia (Wood 1993), so
this ion might contribute significantly to ammonia exchange at
gills and affect the buildup of ammonia in tissues if its external
concentration is sufficiently high. Thus, the very same arguments
employed for the importance of un-ionized ammonia can also be
applied in some degree to ammonium ion. This is not to say that
ammonium ion is as toxic as unionized ammonia, but rather that,
regardless of its lower toxicity, it can still be important because it
is generally present in much greater concentrations than un-ionized
ammonia (USEPA 1999b, p.3,4).

3.4 Ammonia Criteria
The USEPA has utilized the above information to create pH-dependant acute and pH-

and temperature-dependent chronic criterion for total ammonia (NH; and NH,4") as
nitrogen in freshwater (Tables 17, 18, 19).
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Table 17: pH-Dependent Values of the Criterion Maximum Concentration (CMC) of
Total Ammonia as Nitrogen (mg N/L) in Freshwater when Salmonids are Present

Acute Criterion®

pH CMC Total NH3 mgN/L pH CMC Total NH3 mgN/L
6.5 32.6 7.8 8.11
6.6 31.3 7.9 6.77
6.7 29.8 8.0 5.62
6.8 28.1 8.1 4.64
6.9 26.2 8.2 3.83
7.0 24.1 8.3 3.15
7.1 22.0 8.4 2.59
7.2 19.7 8.5 2.14
7.3 17.5 8.6 1.77
7.4 15.4 8.7 1.47
7.5 13.3 8.8 1.23
7.6 11.4 8.9 1.04
7.7 9.65 9.0 0.885

! The one-hour average concentration of total ammonia nitrogen (NH; and NH,") should not
exceed this value more than once every 3 years.
Source: USEPA 1999b, p.86

Table 18: Temperature and pH-Dependent Values of the Criterion
Continuous Continuation (CCC) for Total Ammonia as Nitrogen
(mg N/L) in Freshwater when Fish Early Life Stages are Present

Chronic Criterion*
COC for Fish CEorty Lide Siages Prosord, mg ML
Tonmgssrabure. O

pH o 14 18 18 20 22 24 ) 28 50

o.ar [iNiTs Ll i 533 4 48 4 12 302 ain = Bo Z 40
aa ansT a57T 5 a7 L 1 4 01 4 05 3 5y 313 FTE F A4
[ifr s [ B ] ih.aAa4 L] 515 o 62 N e A S0 Aoy 2.0 Z3F
LN 820 [t ) = 508 A A 1 AL LI 3.0 = 54 =32
3G 812 a1Z 550 4 &0 4 30D 3. TE 3,32 293 BT 235
&L =R ) =R b= I A T2 A 15 N -] 2.2 s < kil b
r.1 a7 %67 515 4 53 3} 08 3 S0 ¥ 270 pr e 1 | 200
F o2 A a0 40 4.5 VTR § ATy > G 2 AT . o "R
7.3 5 0 o 0 <4 81 4 357 313 278 2 42 < 13 187
| 473 473 430 ATA aaz > ar > aF 2 1 G 174
T5 4 34 4 3 397 3. 40 3 (1 P 237 < 08 1 83 161
] 1 GE 3 31 318 2 To a5 216 1.0 1467 aw
T7 3 55 y 5 Y 35 7 B & 59 Z i .04 1,71 (= 13z
.8 118 3.1 2 B i 223 1. e 1.73 | B2 1 .33 1w
Fant = B0k < FCN = ol = ek 1 GG 1.73% 1.52 158 Tar 05
a0 43 243 27 i i 1.7 i.50 132 i o 1.02 Das7
.1 = 10k L e ] 151 1. 8&8 1 aF 120 1.14 1,30 ODATD 0773
Fo s 1 TG 170 ia3 143 1 20 111 0073 0855 0757 0481
k] 1 a2 1.5 1 . 1,22 107 Qa1 0827 0727 0630 0502
o4 1 2% 1,26 .17 1803 e O Q7 0815 0541 G475
(L e 1 O L 0] Lok o n LR o DaSE O5ET 000 DoaD DA
=8 o2 0000 O0H3 0735 0048 05098 0400 0430 0380 0330
BT FFE D778 OTOF O6Z2 0547 D480 0472 0371 0320 0287
88 aa1 0081 0&01 0528 0404 0408 02350 0315 0277 0244
fi 1) 0 e o565 0513 0451 O30T 034G O3 O O2Z23F7 0208
LE N ] ARG D408 O442 QRGBS 0347 O3 Q2 O252 O204 0758

! The thirty-day average concentration of total ammonia (NH; and NH,")
should not exceed this value more than once every three years.
Additionally, the highest four day average within the thirty-day period
should not exceed 2.5 times the CCC (USEPA 1999b, p.87).
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Table 19: Temperature and pH-Dependent Values of the Criterion
Continuous Continuation (CCC) for Total Ammonia as Nitrogen
(mg N/L) in Freshwater when Fish Early Life Stages are Absent

Chronic Criterion®

CCC for Frsh Early Life Stages Absant, mg ML

Tasrmpeerature

0-7 f:] ] 10 11 12 13 14 15* 16*

8.5 108 10.1 951 B892 838 T84 T35 680 6458 606
6.8 10.7 999 937 BT B2 TV2 T24 679 B35 5897
87 10.5 981 920 882 BAOM TS 711 688 B25 585
68 0.2 958 B08 842 700 T40 604 &651 610 572
] 993 931 B873 818 TB8 TN 675 633 503 5586
70 960 900 843 781 741 685 652 611 573 537
T1 G20 AGY ADG TEA TI11 66T 62% A5 540 515
7.2 8BTS A0 769 T2 BTG 634 504 SET 522 490
73 g24 T73 T35 BT84 BA3AT 56T 560 525 4492 481

| THEA T21 678 633 504 557 522 480 453 430
r.5 TO092 664 623 584 548 513 481 451 423 397
rG G546 G055 567 532 4099 468 4383 411 385 361

rr 581 545 511 4. 4 4% 4 1 305 3 347 325
T8 517 484 454 42 300 374 351 3 300 28D
ra: 454 4268 398 374 351 32 309 288 271 254
8.0 385 370 347 33 305 288 2688 252 23 221

8.1 341 319 2080 281 283 247 231 217 203 19

B2 2901 273 258 240 225 21 198 185 174 163
B3 247 232 218 204 1.9 1.7 1688 158 148 139
B4 208 188 184 173 1682 152 142 133 125 117

BS 1.r¢ 1.6 1.55% 144 1.3F 1.8 1200 1.132 1 06 Lk
Ba 1 4% 1.440 1.1 1.23 1.1% 1.08 1.0 0851 0882 0835
a7 1.2 118 111 104 097 0915 0858 0AD5 075 0707
Ba 1.07 1.01 0944 QRBS 0820 OTTA 0720 0684 0641 060
849 0817 0860 080G 0755 0700 0684 0623 0584 0548 0513
8.0 DFen 0740 0654 065 0610 0572 0538 0503 0471 D44

The thirty-day average concentration of total ammonia (NH; and NH,")
should not exceed this value more than once every three years.
Additionally, the highest four day average within the thirty-day period
should not exceed 2.5 times the CCC.

Source: USEPA 1999b, p.88
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CHAPTER 4. pH

4.1 Introduction

The pH of freshwater streams is important for adult and juvenile salmonid development.
Chronic effects from low pH can occur at levels that are not toxic to adult fish but that
impair reproduction including altered spawning behavior, reduced egg viability,
decreased hatchability, and reduced survival of the early life stages (Jordahl and Benson
1987). The early life stages of salmonid development are most vulnerable to low pH
(Jordahl and Benson 1987). Chronic high pH levels in freshwater streams can decrease
activity levels of salmonids, create stress responses, decrease or cease feeding, and lead
to a loss of equilibrium (Murray and Ziebell 1984; Wagner et al. 1997). Additionally,
high temperatures can exacerbate the effects of high pH levels on salmonids (Wagner et
al. 1997). If pH reaches extremely low or high levels, death can occur (Wagner et al.
1997).

Literature reviewed for this analysis included numerous laboratory and field studies. The
following information applies to salmonids in general.

4.2 Effects of High pH

Wagner et al. (1997) conducted laboratory and field studies and found that pH values of
greater than 9.4 will result in the death of rainbow trout, especially at temperatures
ranging from 19-22 C. Fresh water pH values of 9.0 or greater resulted in significant
stress responses in rainbow trout.

Wilkie and Wood (1996) found that Lahontan cutthroat trout exposed to high pH waters
(9.4) permanently lowered their rate of nitrogenous waste production to avoid the
potentially toxic build-up of internal ammonia. However, rainbow trout, kokanee, and
brown trout were unable to adapt to the high pH and died.

Murray and Ziebell (1984) found that rainbow trout are not able to acclimate to pH levels
of 10.0 or higher and that their ability to tolerate pH above 9.0 depends on the rate of
acclimation. Gradual acclimation (0.2 to 0.4 of a pH unit/day) allowed rainbow trout to
acclimate to a pH of 9.8 and continue feeding, although they showed signs of distress and
their activity was greatly reduced by the end of 4 days when the pH reached 9.9 (Table
20). The maximum pH tolerated before fish began dying was 10.2.

Rapid acclimations tests conducted by Murray and Ziebell (1984) yeilded the following
results:

Rainbow trout mortalities were 40% or greater in preliminary acclimation
tests in which pH was increased to 9.6 and 9.7 in 3 and 5 hours. These
results were comparable to previous shock tests (unpublished data).
Consequently, in later experiments, acclimation time was increased to 6
hours and pH values were lowered to 9.3 and 9.5.
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Trout in the pH 9.5 experiments exhibited adverse reactions and
mortalities were similar to those seen in preliminary tests at pH 9.6 and
9.7. All fish began to show marked signs of stress within 12 hours, and
within 24 hours the mortalities in replicated experiments were 30, 40, and
50% respectively. At 49 hours the last deaths occurred that brought
mortalities to 50% in each replicate. All remaining living fish were
distressed and did not feed. After 72 hours had elapsed, the survivors
resumed feeding and their condition improved until the experiments were
terminated at 120 hours.

In the pH 9.3, 6-hour acclimation experiments trout exhibited only minor
adverse reactions. The primary behavioral changes were a decrease in
swimming activity and a temporary loss of appetite. After 48 hours all fish
resumed normal feeding and became progressively more active. No
mortalities occurred in any of the replicated experiments, and all fish
behaved normally when the experiments were terminated at 120 hours
Murray and Ziebell (1984).

Table 20: Reactions of 10 rainbow trout to various pH levels during gradual acclimation
experiments (0.2 to 0.4 of a pH unit/day)

Day pH Range Reactions and Condition of Trout
1 8.6-8.9 Normal
2 8.9-9.2 Activity decreased but feeding normal
3 9.2-9.7 Activity further decreased but feeding continued
4 9.7-9.9 Minor distress shown but feeding continued

Some fish lost equilibrium at 10.0, and feeding ceased. Loss
of equilibrium increased at 10.1 and eyes of some fish
developed corneal opacities; 50% of fish lost equilibrium at
pH 10.2 and mortality was 60% at pH 10.3

5 9.9-10.3

Source: Murray and Ziebell (1984)
4.3 Effects of Low pH

“Chronic effects of low pH on fish populations may occur at pH levels that are not toxic
to adult fish but that impair reproduction, and ultimately lead to population extinction
(Jordahl and Benson 1987).” A study was conducted by Weiner et al. (1986) to
determine the effects of low pH on the reproductive success of rainbow trout. It was
determined that exposure of adult salmonids to pH values below 5.5 negatively effected
reproduction. Adult rainbow trout were exposed to pH 4.5, 5.0, 5.5, and 6.5-7.1 during
the final 6 weeks of reproductive maturation. Weiner et al. found that pH values of 5.5
and below impaired the creation of eggs in females and sperm in males.

Jordahl and Benson (1987) report that reproductive failure occurred in adult brook trout
due to low pH in a freshwater stream with pH levels ranging from 5.0-5.8, while trout in
a reference stream with pH ranging from 6.1-7.2 did not experience reproductive failure.
Additionally, brook trout were absent from a highly acidic freshwater stream with pH
ranging from 4.7-5.4 leading Jordahl and Benson to conclude that breeding females may
avoid acidic tributaries.
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In addition to effecting adult salmonids, highly acidic freshwater (low pH) can have a
detrimental effect on eggs and juvenile salmonids. Weiner et al. (1986) determined that
juvenile rainbow trout mortality was greatly increased at pH levels of 5.5 and below, and
that no eggs survived when exposed to pH levels below 4.5. Hulsman and Powels (1983)
found the mortality of rainbow trout yolk-sac larvae approached 100% within 5 days of
exposure to pH 4.6 and 5.4, whereas exposure to pH 6.0 resulted in less than 3%
mortality.

Jordahl and Benson (1987) conducted a study to determine the effect of low pH on
juvenile brook trout survival and found that survival rates were highest in a freshwater
stream with pH values ranging from 6.1-7.2 and lower in acidified streams with pH levels
of 4.7-5.8. At pH values of 5.0 and lower, growth was retarded and the development of
yolk-sac larvae was considerably prolonged. Additionally, larval activity was depressed,
pigmentation was reduced, and incomplete hatching was observed in streams with low
pH values of 4.7-5.8, but not in the stream with pH ranging from 6.1-7.2. Jordahl and
Benson concluded that mean pH values of 5.0-5.4 can cause acid stress on developing
juveniles, while pH levels from 6.1-7.2 are above ranges that negatively effect juvenile
brook trout development and survival.
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